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Abstract
The temperature dependence of tensile elongation in austenitic steels is discussed in view 
of the relationship between the stacking fault energy and deformation-induced processes. 











temperature. In this regard, majority of alloying elements including C and N decrease 
the temperature associated with highest tensile elongation. Due to the high efficiency of 
C and N in increasing the stability of austenite, approaches toward the development of 
high-interstitial austenitic stainless steels containing minimal amounts of substitutional 
alloying elements are discussed. Finally, some of the challenges associated with the pro-
cessing of high-interstitial austenitic stainless steels are reviewed.
Keywords: deformation-induced processes, transformation-induced plasticity, 
twinning-induced plasticity, stacking fault energy, tensile elongation, high-interstitial 
steels
1. Introduction
Although austenitic steels are often inferior to ferritic steels in view of the yield strength 
(YS), they have the potential to work harden to a larger extent which in turn leads to very 
high ultimate tensile strength (UTS) values. Due to their low YS/UTS ratios, austenitic steels 
may be used in applications where a high energy absorption capacity rather than a high 
resistance to yielding is required. In contrast to ferritic steels of which the strain-hardening 
behavior is not much influenced by varying temperature in the vicinity of room temperature 
© 2017 The Author(s). Licensee InTech. This chapt r is distributed under the terms of the Creative Comm s
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and by the addition of common substitutional alloying elements such as Mn, Si, Ni, and Cr, 
the strain-hardening characteristics of austenitic steels are highly sensitive to temperature 
and chemical composition. Understanding the underlying mechanisms governing the work 
hardening of austenitic steels and the interrelationships among the material parameters is 
therefore essential to the effective design of economical austenitic steels. Tremendous aus-
tenitic stainless steel design activities at the TU Bergakademie Freiberg, especially in the 
framework of the Collaborative Research Center 799 (TRIP-matrix composites) running 
since 2008, have enabled to note the interrelationships summarized in the following sections.
2. Relationship between the stacking fault energy (SFE) and  
deformation-induced processes
Deformation-induced processes in austenitic steels are governed by the SFE. In high Mn aus-
tenitic steels, for instance, deformation processes have been proposed to change from the 
perfect dislocations glide at high SFEs to twinning and then martensite formation at pro-
gressively lower SFEs [1]. The SFE depends on the chemical composition and temperature. 
Numerous empirical relationships have been proposed to describe the influence of alloying 
elements in austenitic steels on the SFE [2–6]. Nevertheless, care must be taken when using 
such relationships because their applicability depends on the reliability of the SFE determi-
nation method. The  inaccuracy of  the existing  relationships  is  reflected  in  the  inconsistent 
coefficients proposed for alloying elements [2, 6]. Although SFE appears, based on the exist-
ing empirical relationships, to have a complex dependence on the chemical composition, it 
is unanimously known to increase at higher temperatures [7]. The associated changes in the 
glide mode have important consequences for the deformed microstructures obtained at dif-
ferent temperatures; the wide separation of a/6 <112> Shockley partial dislocations at low 
temperatures, where the SFE is low, promotes the planar glide of dislocations, for instance 
by restricting the cross-slip of screw dislocations. The abundance of stacking faults in the 
microstructure of an Fe-14Cr-5.5Mn-5.5Ni-0.37N (concentrations always in mass-%) austen-
itic stainless steel deformed at −40°C is demonstrated in Figure 1. The occurrence of planar 
glide features such as dislocation pile-ups, stacking faults, twins, and ε-martensite at defor-
mation temperatures associated with low SFEs highlights the traces of {111}γ glide planes. In 
the example shown in Figure 2, the angular relationships among the traces of glide planes aid 
to determine the crystallographic orientation of austenite.
As the deformation temperature increases, the reduced separation of partial dislocations and 
the possibility of constriction increase the three-dimensional mobility of dislocations and a 
gradual transition to the wavy glide mode follows [8]. Deformed microstructures under wavy 
glide conditions are characterized by dislocation cell structures with almost dislocation-free 
interiors surrounded by dislocation rotation boundaries [9, 10]. Dislocation cell formation 
in an Fe-18Cr-7Mn-9Ni-0.43C stainless steel deformed at 200°C is demonstrated in Figure 3. 
Further examples of austenitic stainless steel microstructures formed at various deformation 
temperatures may be found in [10–16].
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The schematic in Figure 4 summarizes the temperature dependence of deformation-induced 
microstructural changes in austenitic steels. The spectrum of processes shown in the sche-
matic does not necessarily occur in all austenitic steels. Whether or not a given process is 
activated is decided by the alloy system. Highly stable austenitic steels may not exhibit the 




on the alloy chemistry. In high Mn steels, for instance, alloying with Si increases the like-
lihood  of  ε-martensite  formation  at  the  expense  of  deformation  twinning  [18]. Table 1 
summarizes the types of deformation-induced microstructural changes (twinning and 
ε-martensite)  in modifications of FeCrMnNi-based austenitic stainless steels. Some of  the 
alloys listed in Table 1  are  twinning  only  or  ε-martensite  only  systems. Nevertheless,  a 
majority of austenitic stainless steels are capable of exhibiting both the preceding deforma-
tion processes as byproducts of planar glide, caused by the ready dissociation of Shockley 
partial dislocations [19, 20].
Figure 1. Stacking faults formed in an Fe-14Cr-5.5Mn-5.5Ni-0.37N steel after 64% tensile deformation at −40°C.




Fe-17Cr-6Mn-9Ni-0.42C-4Al steel after the application of nearly 4% compressive strain at RT. The zone axis (Z.A.) 
of austenite cannot be determined from the recorded SAED pattern which only comprises  two 002 diffraction spots. 
Instead, the angular relationships among the traces of {111}γ glide planes (superimposed solid lines), which may be identified by the glide plane features, allow to determine the zone axis (Z.A. // <047>γ).
Figure 3. Microstructure of an Fe-18Cr-7Mn-9Ni-0.43C steel after 45% tensile deformation at 200°C.
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Deformation at temperatures lower than those associated with ε-martensite formation and twin-
ning leads to the formation of α′-martensite. As mentioned earlier, this does not apply to highly 
stable  austenitic  steels  in which  the  threshold SFEs  for  the α′-martensite  formation may not 
be attained even at cryogenic temperatures [14]. The α′-martensite formation under extremely 
planar glide conditions commonly occurs at the intersections of planar glide features [29–31]. 
Examples  of  deformation-induced  α′-martensite  formation  in  conjunction with  planar  glide 
features are shown in Figure 5. Even  in  cases where  it  is difficult  to  identify  intersection of 
planar glide features, such as the example of Figure 5d where the α′-martensite appears to have 
formed in association with deformation twins, the activation of at least one conjugate partial 
dislocation glide system is quite likely. After all, the most widely accepted models proposed 
for the α′-martensite formation rely on the occurrence of two shears in directions compatible 
with the glide direction of partial dislocations [32–35]. The magnitudes of the shears needed to 
cause the lattice change to bcc/bct are only fractions of the full twinning shear. Even the forma-
tion of spontaneous α′-martensite appears to be a consequence of stacking fault interactions. As 
the microstructure of the Fe-15Cr-1Mo-0.3C-0.4N steel after partial transformation to athermal 
α′-martensite shows (Figure 6), a high density of stacking faults exists in the austenite, in par-
ticular in the immediate vicinity of the transformed regions. Therefore, further transformation of 







Fe-16Cr-(6–7)Mn-(6–9)Ni [21, 22] ✓ ✓
Fe-(17–18)Cr-(6–7)Mn-9Ni-0.4C-(0 & 4)Al [15] ✓ —
Fe-14Cr-5.5Mn-5.5Ni-0.37N [14] — ✓
Fe-15Cr-3Mn-3Ni-(0.05–0.25)C-(0.1–0.13)N [23, 24] ✓ ✓
Fe-19Cr-3Mn-4Ni-(0.05–0.25)C-(0.1–0.13)N [25–27] ✓ ✓
Fe-15Cr-1Mo-0.3C-0.4N [28] ✓ —
Table 1. Occurrence of twinning/ε-martensite formation as a function of chemical composition (mass-%).
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Figure 6. Microstructure of an Fe-15Cr-1Mo-0.3C-0.4N steel after partial transformation to spontaneous (athermal) 
α′-martensite by thermal treatment.
Figure 5. Examples  of  deformation-induced α′-martensite  formation  in high carbon (a), high nitrogen (b), and high 
carbon and nitrogen (d) austenitic stainless steels.
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3. Influence of deformation-induced processes on the strain-hardening 
behavior and tensile elongation
An important consequence of decreasing the tensile temperature of austenitic stainless steels 
is the increase in the strain-hardening rate. This is demonstrated using the true stress-strain 
and strain-hardening curves for an Fe-18Cr-20Ni steel (Figure 7) [17]. The enhancement of 
strain-hardening rate and its extended near-linear hardening at low temperatures can be 
explained by the decrease in the SFE and the increased activity of stacking faults. At −196°C, 
the strain-hardening rate remains almost constant until fracture. Near-linear strain hardening 
during tensile deformation is the characteristic of many austenitic stainless steels at tempera-
tures where SFE is sufficiently low to ensure a high glide planarity but not  low enough to 
enable  the formation of α′-martensite. Figure 8 shows the true strain-hardening curves for 







The strain-hardening curves indicate that near-linear strain hardening in austenitic steels is 





The schematic in Figure 9 generalizes the temperature dependence of tensile elongation in aus-
tenitic stainless steels [10, 15, 38–43]. The schematic elongation curve consists of three regions 
marked I–III. In region I, the elongation shows a weak temperature dependence which resem-
bles that of materials with wavy glide, for example, ferritic steels. The region marked II is char-
acterized by enhanced low-temperature ductility due to the enhanced glide planarity. The 
enhancement of ductility by  lowering temperature  in region II  is usually attributed to defor-
mation-induced microstructural changes such as ε-martensite transformation, the ε-TRIP effect 
[44], and deformation twinning, the TWIP effect [38]. The hcp stacking of close-packed planes in 
ε-martensite may be achieved by the glide of 1/6 <112> Shockley partials on every second {111} 
plane [45]. Deformation twins, on the other hand, can occur by the glide of 1/6 <112> Shockley 
partials on successive {111} planes [46, 47]. The region marked III in Figure 9 can appear at defor-




 α′ temperature. The temperature-dependent true stress-strain 
curves in Figures 10 (a,b) and the associated α′-martensite fractions at the end of tensile tests 
Figure 7. (a) Temperature dependence of true stress-strain curves for an Fe-18Cr-20Ni steel; (b) true strain-hardening 
curves corresponding to (a) (adapted from Ref. [17]).
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[36] (Figure 10c)  confirm  the  negative  impact  of  deformation-induced  α′-martensite  forma-
tion on the tensile ductility. Accordingly, the region III of elongation curves is absent in highly 
stable austenitic steels which do not undergo deformation-induced α′-martensite formation (e.g., 
the Fe-18Cr-20Ni alloy in Figure 7). The loss of ductility in region III in spite of the enhanced 
Figure 8. Temperature dependence of true strain-hardening curves for an Fe-16Cr-8Mn-7Ni-1Si steel. The martensite 
fractions after tensile tests are also marked (adapted from Ref. [36]).
Figure 9. Generalized temperature dependence of tensile elongation in austenitic steels.
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glide planarity of austenite is due to the gradual replacement of austenite by the less ductile 
α′-martensite.




 α′ temperature and the temperature associated with maximum 
tensile elongation has been documented in many researches involving tensile tests at various tem-
peratures followed by the quantification of bulk α′-martensite fractions in the uniformly strained 
regions of tensile specimens [14, 17, 36–39], there also exist experimental results in support of the 
ductility-enhancing effect of α′-martensite formation [10, 14]. Figure 11 shows such an instance 







elements tend to segregate from the dendrite cores into the surrounding liquid, namely inter-








 α′ temperature. Upon plastic deformation, the den-
dritic and interdendritic regions will exhibit deformation-induced processes commensurate with 
Figure 10. (a and b) Temperature dependence of true stress-strain curves for the marked steel compositions; (c) 
deformation-induced martensite fractions after tensile tests. The spontaneous martensite fractions are also given for 
alloy 1 (adapted from Ref. [36]).
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their SFE [49]. For instance, the dendritic regions with a leaner chemical composition and a lower 
SFE compared to the interdendritic regions will exhibit a higher glide planarity. In other words, 
as the deformation temperature decreases, the formation of stacking fault, twins/ε-martensite, 




on the tensile elongation, the temperature dependence of tensile elongation and deformation-
induced α′-martensite fractions for two steels with slight differences in the chemical composition 
are summarized in Figure 13 [36]. The steels Fe-16Cr-7Mn-6Ni-1Si and Fe-16Cr-8Mn-7Ni-1Si can 
Figure 12. Schematic representation of the segregation of alloying element during solidification. The solid (S) and liquid 
(L) regions will appear as dendritic and interdendritic regions with different SFE values in the final microstructure.
Figure 11. Temperature dependence of uniform tensile elongation for an Fe-14Cr-5.5Mn-5.5Ni-0.37N steel and the 
associated deformation-induced martensite fractions (adapted from Ref. [14]).
Austenitic Stainless Steels - New Aspects16
represent the chemical compositions of dendritic and interdendritic regions of segregated steel, 
respectively. The tensile elongation of a hypothetical alloy consisting of equal fractions of these 
two steels is estimated in Figure 13 by averaging (rule of mixtures). The rule of mixtures was 
also applied to determine the  temperature dependence of deformation-induced α′-martensite 
fraction in the hypothetical alloy. As the dashed line in Figure 13 shows, the tensile elongation 
of the segregated hypothetical alloy is not much impaired by the formation of approximately 
17 vol.% deformation-induced α′-martensite. In the presence of still larger gradients of chemical 
composition, the tensile ductility might even increase in spite of the formation of α′-martensite in 




plasticity-enhancing mechanism (α′-TRIP effect) in TRIP-assisted [50] and quenched and parti-
tioned (Q&P) [51] steels containing small quantities of austenite is possibly due to local variations 
in the chemical composition of austenite.
4. Design of austenitic stainless steels
As shown in the schematic of Figure 9, highest tensile elongations for austenitic steels with a 





 α′ temperature. The objective of many austenitic steel developments is therefore to 
ensure that the deformation temperature or the service temperature, where a high formability 
or a high-energy absorption capacity is required, lies in the vicinity of the peak elongation tem-




 α′ temperature of commer-





  α′  temperature may be used  to predict  the  influence of  alloying  elements  on  the 
Figure 13. Temperature  dependence  of  uniform  tensile  elongation  for  two  steels  with  slightly  different  chemical 
compositions and the averaged values (adapted from Ref. [36]).




elongation curve. Tensile tests at various temperatures of austenitic stainless steels with varied 
amounts of Ni [39, 42], Mn [43], Al [15], Cr [23, 25, 27], C [23, 24], and N [25] have confirmed 
that they shift the peak elongation temperature to lower temperatures. All of the preceding 







peratures [54, 55]. The formation of AlN and the associated reduction in the solute N content 
might be responsible for the reported increase in the M
s
 temperature upon the addition of only 
small quantities of Al. This effect  is expected  to disappear when Al  is present  in quantities 
much higher than the stoichiometric Al content needed for the full stabilization of solute N. For 
instance, the addition of 4.9 mass-%Al to a cast iron has decreased the M
s
 temperature [56].
Economical design of highly formable austenitic stainless steels, namely lean austenitic 





 α′  temperature,  irrespective of  their  reported  influence on  the SFE, also 
decrease the peak elongation temperature. This is shown schematically in Figure 14. To 




  α′ temperature must be close to 
room temperature as is the case with commercial austenitic stainless steels such as the AISI 
304-grade (Fe-18Cr-10Ni) stainless steel. The development of the AISI 200 series (FeCrNiMn) 
austenitic stainless steels in which Ni is partially replaced with Mn is also in accord with the 





 α′ temperature, an economical design approach 
would be to partially replace the substitutional alloying elements Cr, Ni, and Mn with the 
interstitials C and N. The maximum level of N, which can be introduced into the molten 
steel, depends on both the chemistry and the N
2
 partial pressure applied during casting and 
melting [57]. Stainless steel compositions Fe-15Cr-3Mn-3Ni-0.1N−(0.05–0.25)C exemplify the 
efforts made to reduce the substitutionals content by the addition of both C and N [23, 24]. 
Nevertheless, even for the alloy containing the highest C content of 0.25 mass-%, the stability 
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of austenite at room temperature was not sufficiently high to suppress the early deformation-
induced occurrence  of α′-martensite. As  a  result,  the  room  temperature  tensile  elongation 
remained below 15%. At 200°C, where the deformation-induced α′-martensite formation was 
inhibited, the total elongation increased to about 65%. In comparison, the Fe-19Cr-4Ni-3Mn-
0.15N−(0.05–0.25)C steels with higher Cr, Ni, and N contents exhibited tensile elongations up 
to 50% at room temperature [25].
As long as the full dissolution of carbides and nitrides is enabled, still higher quantities of 
interstitials may be added to stainless steels to reduce the required amounts of substitutional 
Figure 15. Relative length changes during cooling of Fe-13.1Cr-0.47C, Fe-13.0Cr-3.4Mn-0.47C, and Fe-15Cr-1Mo-0.3C-0.4N 
steels from the indicated solution-annealing temperatures. As the solution-annealing temperature increases, the M
s
 
temperature shifts to lower temperatures.




austenite. Fe-18Cr-10Mn-base steels alloyed with up to 0.69 mass-%N are examples of N-alloyed 
stainless steels free of Cr
2
N precipitates at the solution-annealing temperature [58, 59]. Alloying 
with higher amounts of N or very high levels of (C + N) will increase the solution-annealing 
temperature needed for the full dissolution of carbides and nitrides. On this basis, the com-
plete dissolution of carbides and nitrides in the stainless steel Fe-19Cr-19Mn-0.49C-0.58N [60] 
appears improbable. In fact, the presence of Cr-rich carbides and nitrides is not desirable since 
Cr, C, and N will then not contribute to the stabilization of austenite. Furthermore, the corrosion 
resistance is impaired by the presence of Cr-rich precipitates. Assuming that all interstitials in an 
alloy such as the Fe-19Cr-19Mn-0.49C-0.58N steel are taken into solution by a high-temperature 




 α′ temperature and the peak elongation temperature 
will be far lower than room temperature.
An alternative approach to the design of lean-alloy austenitic stainless steels is to modify the 
chemical composition and/or the thermal processing of standard quenched and tempered 
martensitic stainless steels to make them fully austenitic at room temperature. The room tem-
perature microstructure of an Fe-13.1Cr-0.47C steel after solution annealing at 1250°C con-
sisted of 44 vol.% α′-martensite and 56 vol.% austenite. As shown in the dilatometry curves of 
Figure 15, the addition of 3.4 mass-%Mn to the alloy decreased the M
s
 temperature to around 






significant  enhancement  of  tensile  ductility was  observed  at  200°C  (Figure 16). A similar 
scenario arises in the case of steels containing both C and N, for instance the commercial 
Fe-15Cr-1Mo-0.4N-0.3C steel which is conventionally used in the martensitic condition [28]. 
After solution annealing at 1250°C which resulted in a fully austenitic microstructure, ten-
Figure 16. Engineering stress-strain curves for Fe-13Cr-3.4Mn-0.47C (dashed lines) and Fe-15Cr-1Mo-0.4N-0.3C (solid 
lines) steels at the indicated temperatures (adapted from [28, 61]).
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sile elongation at room temperature was less than 5%. Tensile elongation was increased to 
80% at 230°C (Figure 16). Such lean austenitic stainless steel compositions may be used for 
warm-forming operations at temperatures around 200°C. In the case of both Fe-13Cr-3.4Mn-




  α′ temperature to 
room temperature by raising the substitutionals content would be a possible way to enhance 
the room temperature tensile ductility.
5. Challenges associated with the processing of high-interstitial steels
The micrographs in Figure 17 show that the complete dissolution of high levels of C and N 
such as those contained in the Fe-15Cr-1Mo-0.4N-0.3C alloy requires the use of high solution-





 α′ temperature. Furthermore, 
Figure 17. Optical micrographs of Fe-15Cr-1Mo-0.4N-0.3C steel after the indicated solution-annealing treatments. Oxalic 
acid was used as etchant.
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(M denotes mainly Cr and Fe) will deteriorate the corrosion resistance of stainless steels. The 
inevitable use of high solution-annealing temperatures increases the risk of decarburization, 
denitriding, and other surface problems such as uniform and intergranular types of oxidation. 
The loss of C and N near the surface will lead to a microstructure gradient from the surface 
toward inner regions. Commonly, a martensitic microstructure forms near the surface where 
the interstitials content is lowest [23, 28]. In cases where the ferrite potential of the alloy in 




The occurrence of various deformation-induced processes such as perfect dislocations glide, 
deformation twinning, and deformation-induced ε/α′-martensite formation mechanisms in aus-
tenitic steels is governed by the SFE. As long as the SFE is known, it should be possible to decide 
which deformation-induced mechanism is activated during deformation. The SFE determina-
tion by  experimental diffraction-based  techniques  (including TEM)  is  a  time-consuming  task 
Figure 18. Optical micrograph of a section near the exposed surface of a dilatometry specimen of Fe-15Cr-1Mo-0.4N-0.3C 
steel after 13 heat treatment cycles at temperatures between 900 and 1180°C. V2A reagent was used as etchant.
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and requires careful specimen preparation. Therefore, it would be useful to correlate SFE with 
material parameters which can be determined more readily and are less sensitive to artifacts 











 α′ temperature can be visualized by recalling that the formation of 
α′-martensite is only enabled if the SFE is sufficiently low to enable the deformation-induced reac-





 α′ temperature. In contrast to the coef-
ficients of alloying elements in the empirical equations proposed for the SFE estimation which 
are subject to a large scatter, the coefficients of alloying elements in the empirical relationships 




 α′ temperature are fairly consistent. Therefore, relationships giving the 




 α′ temperature can be used as guidelines for the economical 
design of austenitic stainless steels. Due to the high efficiency of C and N in increasing the stabil-
ity of austenite, they can be used to obtain austenite with an appropriate stability. The high tem-
peratures required for the dissolution of carbides, nitrides, and carbo-nitrides and the tendency 
of C and N to escape from free surfaces are some of the challenges associated with the processing 
of high-interstitial stainless steels compared to that of conventional stainless steels.
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